Hepatitis B virus (HBV) is an enveloped virus with a partially double-stranded circular DNA genome of approximately 3.2 kb encoding structural and nonstructural proteins. Control and clearance of acute and chronic HBV infections are thought to be dependent on multispecific T-cell responses directed to several HBV-encoded antigens (6, 31, 38, 42, 43) . HBV expresses two forms of the nucleoprotein: the 21-kDa intracellular nucleocapsid (hepatitis core antigen [HBcAg] ), which self-assembles into particles and encapsidates the viral genome and polymerase, and the secreted nonparticulate form (hepatitis e antigen [HBeAg] ). HBeAg and HBcAg are translated from two distinct RNA species that have different 5Ј initiation sites (19) . The HBeAg or precore mRNA encodes a hydrophobic signal sequence that directs the HBeAg to the endoplasmic reticulum, where it undergoes N-and C-terminal cleavage within the secretory pathway and is secreted as an 18-kDa monomeric protein (32, 41, 44, 56) . Because of the structural differences between the HBcAg and HBeAg (referred to below as the HBc/HBeAgs), they are distinctly recognized by antibodies (24) , but due to extensive amino acid homology, they are highly cross-reactive at the CD4 ϩ and CD8 ϩ T-cell levels (6, 28, 37, 55) . In contrast to the wellestablished structural and replicative functions of HBcAg, the function of the secreted HBeAg in the viral life cycle is less clear because it is not required for assembly, infection, or replication (10, 11, 46) . However, studies in a number of murine transgenic (Tg) systems indicate that secreted HBeAg functions as an immunoregulatory protein that downregulates the immune response to HBcAg via a variety of mechanisms, including deletional, nondeletional, central, and peripheral immune tolerance (12, 13, (33) (34) (35) (36) . The cytotoxic T-lymphocyte (CTL) response is believed to be involved in both viral clearance and liver disease during HBV infection (14) . CTL responses directed against HBcAg have been suggested to be of major importance in the clearance of HBV infections in humans (6) . Several reports have indicated that both HBcAg and HBeAg expressed as endogenous proteins can prime and be the targets of CTL effector cells (27, 28, 52, 55) . The ability of the HBeAg, as well as the intracellular HBcAg, to prime and be recognized as a target of CTL effector cells indicates that intracellular HBeAg and/or its precursors are processed and presented in the context of major histocompatibility complex (MHC) class I molecules for recognition by CTL effector cells. Furthermore, previous studies (27, 28, 52, 55) and the experiments reported here indicate that the HBc/HBeAgs appear to be indistinguishable in terms of priming CTLs and CTL target recognition in vitro.
In the current study the comparative abilities of HBc/ HBeAg-based genetic vaccines and/or HBc/HBeAg-expressing tumor cell lines to induce CTL responses in wild-type and HBc/HBeAg-Tg mice and to induce liver injury were examined. These studies indicated that a unique two-step immunization protocol was necessary to elicit maximal CTL priming in vivo and that endogenously expressed HBc/HBeAgs can function as tolerogens at the CTL level. Most importantly, although the HBc/HBeAgs were indistinguishable in terms of priming CTLs and as targets for CTL recognition in vitro, CTL recognition of the HBc/HBeAgs expressed in hepatocytes in vivo was significantly different and resulted in different phenotypes of liver injury.
Analysis of expression of HBcAg and HBeAg protein from transfected RBL-5 cell lines. Detection of intracellular HBcAg or secreted HBeAg expressed from the RBL-5 cell lines was analyzed by ELISA. In brief, RBL-5 cells were counted, and equal amounts of cells were lysed in distilled water using the freeze-thaw method. Cells were rapidly frozen in liquid nitrogen and subsequently thawed in a 37°C water bath. The procedure was repeated three times prior to centrifugation (12,000 ϫ g for 5 min) of cell lysates. After centrifugation, supernatants containing cytosolic proteins were collected and frozen at Ϫ80°C until use. Supernatants from RBL-5 cells were collected 3 days after cell seeding. HBcAg was measured in either RBL-5 cell lysates or cell culture supernatants by using a previously described modified commercial anti-HBc assay (ETI-AB-COREK Plus; Diasorin, Stillwater, MN) (13) , and rHBcAg was used as a standard. HBeAg was measured in either RBL-5 cell lysates or cell culture supernatants by a commercial ELISA (ETI-EBK Plus kit; DiaSorin, Stillwater, MN), and rHBeAg was used as a standard. Nontransfected RBL-5 cells were used as a negative control in each assay.
Analysis of surface markers on transfected RBL-5 cell lines by flow cytometry. RBL-5 cell lines was analyzed for expression of Thy1.2 (CD90.2), MHC class I (clone 28-14-8) , MHC class II (clone M5/114.15.2), CD4, and CD8 on the cell surface by flow cytometry. In brief, cells were washed and resuspended in PBS-3% fetal calf serum (fluorescence-activated cell sorter buffer) and incubated with anti-mouse CD16/32 antibodies (to block Fc binding). Cells were then washed and incubated with fluorescein isothiocyanate-conjugated anti-mouse CD90.2, phycoerythrin-conjugated anti-mouse MHC class I and II antibody, fluorescein isothiocyanate-conjugated anti-mouse CD8 antibody, and CyChrome anti-mouse CD4 antibody. After being washed, the cells were diluted in fluorescence-activated cell sorter buffer containing 4Ј,6-diamino-2-phenylindol (DAPI). A total of approximately 100,000 events from each sample were counted on an LSR flow cytometer (Becton Dickinson Biosciences, San Jose, CA), and dead cells (DAPI-positive cells) were excluded in the analysis. All antibodies were purchased from eBioscience (San Diego, CA). The RBL-5/C, RBL-5/E, and parental RBL-5 cell lines were positive for the T-cell marker Thy1.2 and for MHC class I molecules. All cell lines were negative for expression of the surface markers MHC class II, CD4, and CD8 (data not shown).
Immunization protocols. Groups (4 to 10 mice/group) of female mice (H-2 b ), at least 6 to 12 weeks old, were immunized by needle injections with 100 g plasmid DNA encoding HBV proteins. Plasmid DNA in PBS was given intramuscularly (i.m.) in the tibialis anterior (TA) muscles. Where indicated in the text, mice were injected i.m. with 50 l/TA of 0.01 mM Cardiotoxin (Latoxan, Rosans, France) in 0.9% sterile physiological sodium chloride (NaCl) 5 days prior to DNA immunization. The mice were boosted at 4-week intervals.
Recombinant protein immunization was performed by intraperitoneal (i.p.) immunization with 10 g protein mixed 1:1 in incomplete Freund adjuvant. The mice were boosted i.p. at week 4 using 1 g protein mixed 1:1 in incomplete Freund adjuvant. RBL-5 tumor cell immunization was performed by subcutaneous (s.c.) inoculation of 5 ϫ 10 6 tumor cells (diluted in 200 l PBS) in the right flank. A two-step protocol of first one or two i.m. immunizations using 100 g plasmid DNA (with 4-week intervals between DNA immunizations) and then an s.c. boost using 5 ϫ 10 6 RBL-5 tumor cells in the right flank was used when indicated below.
ELISA for detection of murine anti-HBc or anti-HBe antibodies. Sera were collected by retro-orbital bleeding of isofluorane-anesthetized mice. Antibodies were detected by an indirect solid-phase ELISA with rHBcAg or rHBeAg as the solid-phase ligands as described previously (13, 37) .
Detection of HBcAg-and HBeAg-specific lytic CTLs. Spleen cells from C57BL/10 mice immunized with DNA, tumor cells, or DNA plus tumor cells were resuspended in complete RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 g/ml streptomycin, 1 mM nonessential amino acids, 50 M ␤-mercaptoethanol, and 1 mM sodium pyruvate. Detection of HBcAg-and HBeAg-specific lytic CTLs was analyzed by an in vitro stimulation followed by a standard 51 Cr release assay performed as described by Lazdina et al. (29) , except that a total of 25 l supernatant was harvested after the 51 Cr release assay and the radioactivity was measured using a gamma counter (Packard Top Count NXT microplate scintillation and luminescence counter).
Results were expressed according to the following formula: percent specific lysis ϭ (experimental release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release). Experimental release is the mean counts per minute released by the target cells in the presence of effector cells. Maximum release is the radioactivity released after lysis of target cells with 10% Triton X-100. Spontaneous release is the leakage of radioactivity into the medium of target cells.
In vivo challenge with the HBcAg-or HBeAg-expressing RBL-5 lymphoma. In vivo challenge of naïve or immunized mice with HBcAg-and HBeAg-expressing RBL-5 lymphoma cell lines (designated RBL-5/C and RBL-5/E) was performed according to a previously described method (17) . In brief, groups of C57BL/10 wild-type, Tg, knockout, or nude Foxn1 nu /Foxn1 nu mice were left untreated or immunized using different immunogens at weeks 0 and 4 as described in "Immunization protocols" above. At 2 weeks after the last immunization, a total of 5 ϫ 10 6 RBL-5/C or RBL-5/E tumor cells were injected s.c. in the right flank. The kinetics of tumor growth was determined by measuring the tumor size using a sliding caliper through the skin at days 0 to 30. Tumors were measured every 2 to 3 days. The kinetics of tumor development in two groups of mice were compared using the area under the curve. The mean tumor sizes were compared using the analysis of variance (ANOVA) test. Mice were sacrificed at the end of the experiment.
Determination of CD4 ؉ cytokine production in response to HBcAg and HBeAg. Spleen cells from either unprimed or primed wild-type, Tg, or knockout mice were cultured (5 ϫ 10 6 cells/ml) with various concentrations of a series of antigens. Culture supernatants were harvested at 48 h for interleukun-2 (IL-2) determination and at 96 h for gamma interferon (IFN-␥) determination. Cell culture supernatants from RBL-5 tumor cell lines were tested for the presence of IL-2, IL-4, IL-10, and IFN-␥ cytokines. Cytokines were measured using commercial ELISA kits according to the manufacturer's protocol (eBiosciences).
Adoptive transfer experiments with primed HBcAg-or HBeAg-specific CTLs. Wild-type C57BL/10 mice were immunized once or twice with 100 g HBcAg-or HBeAg-pVAX1 plasmid DNA and boosted with 5 ϫ 10 6 RBL-5/C or RBL-5/E tumor cells. At 2 to 4 weeks after the booster tumor cell injection, spleens were harvested and stimulated in vitro with the HBcAg 93-100 MHC class I peptide. Five days after in vitro stimulation, activated CTLs were washed, counted, suspended in PBS, and injected intravenously (i.v.) into Tg and non-Tg recipients in various numbers (2 ϫ 10 6 to 20 ϫ 10 6 per mouse in 200 l). Liver injury was monitored biochemically by measuring serum alanine aminotransferase (sALT) activity. sALT levels were measured at 0, 12, 24, 48, 72, 96, 120, and 168 h and 14 days after adoptive transfer. Results were expressed as mean sALT activity (U/liter) Ϯ standard error (SE). Values of below 100 U/liter were considered normal ALT levels.
In vivo depletion of CD4 ؉ T cells. CD4 ϩ T cells were depleted in vivo by i.p. injection of purified anti-CD4 (clone GK1.5, rat immunoglobulin G2b [IgG2b]) or a nonspecific rat IgG2b isotype control (clone LTF-2). A total of 0.2 mg of depletion antibody per mouse was injected every 3 to 4 days, starting 2 weeks prior to immunization (Ϫ2 weeks) and continuing throughout the whole experiment until the mice were sacrificed (ϩ4 weeks). Flow cytometric analyses of peripheral blood mononuclear cell populations and splenic cell populations at week 0 demonstrated that more than 99% of the CD4 ϩ T cells were depleted. GK1.5 and LTF-2 were purchased from BioXCell (West Lebanon, NH).
Biochemical analysis. Serum samples were tested for ALT activity using the DTSC II Module (Ortho-Clinical Diagnostics) and the Kodak Ektachem DT60 Analyzer with ALT DT slides according to the manufacturer's protocol (OrthoClinical Diagnostics).
Gene array analysis of HBcAg-Tg and HBeAg-Tg livers at day 0 and day 3 after CTL transfer. Mouse whole-genome array analysis was performed to compare mRNA profiles in HBcAg-Tg and HBeAg-Tg mice at day 0 and day 3 after CTL transfer. Livers were harvested from representative mice, and total RNA was isolated from each liver using the TRIzol extraction method. The RNA was then used to generate Cy3-and Cy5-labeled cRNA probes which were then applied to Whole Mouse Genome Oligo microarrays to analyze gene expression. Gene expression intensities were quantified using the Agilent Feature Extraction software (Agilent Technologies, Palo Alto, CA), and Rosetta Biosoftware (Kirkland, WA) was used to determine differential expression. Of the genes differentially expressed in HBcAg-Tg and HBeAg-Tg livers at day 0 and day 3 after CTL transfer, several were readily identified based on their association with inflammation and apoptosis. Additionally, several antistress and antiapoptotic genes were identified.
Statistical analysis. Statistical comparisons were performed using the Statview 5.0 and Excel:mac software packages for Macintosh. Kinetics of tumor growth in groups of mice were compared using the area under the curve, and the values were compared using ANOVA (Statview).
RESULTS

Characterization of the HBcAg and HBeAg gene expression vectors.
The expression constructs HBcAg-and HBeAgpVAX1 were analyzed by an in vitro transcription and translation assay to confirm that the proteins were expressed from the respective plasmids (Fig. 1a) . To characterize the immunogenicity of the HBcAg and HBeAg genes, groups of C57BL/10 mice were immunized twice i.m. using 100 g plasmid DNA, followed by monitoring of the anti-HBc and antiHBe IgG responses. Escalating-dose immunization studies comparing the HBc/HBeAg proteins have revealed that HBcAg is approximately 1,000-fold more efficient in terms of antibody production (37) , yet HBc/HBeAg-pVAX1-immunized mice developed similar IgG antibody titers (Ͼ10 5 ) after two i.m. immunizations (Fig. 1b) . Thus, the HBcAg and HBeAg expression plasmids were equally efficient in priming humoral immune responses in wild-type C57BL/10 mice. The equivalence of anti-HBc and anti-HBe antibody production after HBc/HBeAg-pVAX1 immunization can be explained by the fact that HBeAg is efficiently secreted, whereas HBcAg is an intracellular protein and only the small amount that "leaks" from HBcAg-pVAX1-transfected cells or cross-presenting antigen-presenting cells is available for B-cell recognition and subsequent anti-HBc production. Next, the Th cell phenotype primed by HBcAg and HBeAg expression plasmids was analyzed. To compare directly the Th1 and Th2 skewing of the T-cell response primed by HBc/HBeAg-pVAX1 immunization, the levels of HBc/HBeAg-specific IgG1 (Th2) and IgG2a (Th1) antibodies were analyzed. The HBcAg and HBeAg expression plasmids predominantly primed HBc/HBe-specific IgG2a and IgG2b isotype antibodies, indicating a typical Th1 phenotype (see Fig. 3b ). This differs from immunization with protein antigens in that HBeAg elicits primarily IgG1 antiHBe and HBcAg elicits IgG2a/IgG2b anti-HBc antibodies (37) . The predominant IgG2a/2b anti-HBe response after HBeAg-pVAX1 immunization is likely due to Toll-like receptor activation mediated by the plasmid vector.
To compare directly the in vitro lytic activities of HBc/ HBeAg-specific CTLs, a standard 51 Cr release assay was performed after two i.m. immunizations using the HBcAg and HBeAg expression plasmids. The lytic activity of the in vivo primed CTLs was assayed on HBcAg 93-100 peptide-loaded RMA-S cells. After two doses, both plasmids induced similar CTL responses (Fig. 2a) . Neither of the expression plasmids was a potent inducer of HBc/HBe-specific CTL responses even after two doses. Splenic cytokine responses were also determined following single HBcAg-or HBeAg-pVAX1 i.m. immunizations and cardiotoxin pretreatment. Splenic IFN-␥ and IL-2 cytokine levels were determined after culture with a panel of recall antigens (i.e., HBcAg, HBeAg, and HBc/HBe 120-140 ), and similar levels of IFN-␥ and IL-2 were detected in HBcAgand HBeAg-immunized mice ( Fig. 2b and c) . The antibody isotype and the cytokine profiles indicated that a dominant Th1 phenotype was primed by both the HBcAg-and HBeAg-expression plasmids.
Immune A two-step immunization protocol is necessary to achieve efficient CTL responses to the HBc/HBeAgs. As stated above, two injections with the HBcAg-pVAX1 or HBeAg-pVAX1 expression plasmid did not elicit very efficient CTL responses ( Fig. 2 and 4a and b) . Similarly, injection with the RBL-5/C and RBL-5/E tumor lines elicited only inefficient HBc/HBeAgspecific CTL responses ( Fig. 4a and b) . However, the combination of both immunogens (i.e., two doses of the pVAX1 expression plasmid followed by injection of the RBL-5/C or RBL-5/E tumor line) primed very efficient HBc/HBeAg-specific CTL responses ( Fig. 4a and b) . These results suggest that the two disparate vectors act synergistically for maximal CTL induction. Because the DNA vectors elicit a Th1-like response and the RBL-5/C and RBL-5/E tumor lines elicit primarily a Th2-like response, it is possible that a diversified HBc/HBeAgspecific Th1/Th2 CD4 ϩ response is superior to either a Th1-or Th2-like response singly. The two-step approach of immunizing with plasmid DNA and boosting with tumor cells elicited a Th1/Th2-like phenotype skewed toward a Th1-like response, especially in HBcAg-specific T cells, as evidenced by high levels of IgG1, IgG2a, and IgG2b antibodies (Fig. 3b) . Also, note that the HBcAg and HBeAg expression vectors elicited comparable levels of CTL responses. Furthermore, the DNA vectors encoding either HBcAg or HBeAg used in combination with either HBcAg-or HBeAg-expressing RBL-5 tumor lines elicited comparable CTL responses that can be assayed on either HBcAg-or HBeAg-expressing RMA-S target cells (data not shown). This is consistent with previous studies that have reported no differences in the efficiency of CTL priming by plasmid DNA encoding secreted HBeAg or cytosolic HBcAg as well as no differences in the efficiency of class I MHCrestricted processing and presentation of the HBc/HBeAg epitopes by transfected cell lines (27, 28) .
Development of an HBc/HBeAg-specific CTL in vivo tumor model. To test the efficiency of HBc/HBeAg-specific CTL responses in vivo following i.m. DNA immunization, we challenged mice with HBcAg-or HBeAg-expressing RBL-5 tumor cell lines. Groups of 6 to 10 C57BL/10 mice were either unimmunized or immunized twice with 100 g HBcAg-pVAX1, HBeAg-pVAX1, or the pVAX1 empty vector. At 2 weeks after the last immunization, mice were challenged using a s.c. injection of 5 ϫ 10 6 parental RBL-5 or HBc/HBeAg-expressing RBL-5 tumor cells. As shown in Fig. 5 , mice primed with HBcAg-pVAX1 or HBeAg-pVAX1 were protected from RBL-5/C(E)-expressing tumor cell growth. Moreover, groups of C57BL/10 mice immunized with rHBcAg protein and having anti-HBc IgG titers ranging between 3 ϫ 10 6 and 17 ϫ 10 6 prior to tumor challenge or mice immunized with the HBcAg 93-100 MHC class I peptide were not protected against tumor growth when challenged with RBL-5/C tumor cells (data not shown). Thus, an endogenous production of HBc/HBeAg appears to be required to prime in vivo protective CTLs. Next, we investigated the importance of B cells, CD4 ϩ T cells, and CD8
ϩ T cells for in vivo priming of HBc/HBeAgspecific immune responses. To define the effect of each cell population on priming and effector function, groups (six mice per group) of wild-type, B Ϫ/Ϫ , CD4 Ϫ/Ϫ , and CD8 Ϫ/Ϫ mice were used. Moreover, in selected experiments we depleted the CD4 ϩ T cells in wild-type mice prior to and during immunization and tumor challenge. All groups of mice were immunized twice using 100 g HBcAg-pVAX1 ( Fig. 6a and b) , HBeAg-pVAX1 (Fig. 6c) , or the pVAX1 empty vector, and at 2 weeks after the last immunization, they all received an s.c. and CD4 ϩ T-cell-depleted wild-type mice, the ability to produce anti-HBc antibodies was significantly reduced (ϳ10 3 to 10 4 ) (Fig. 6a) . Hence, the humoral immune response toward HBcAg is at least partially CD4 ϩ T-cell dependent. The lytic activity primed by two HBcAg-pVAX1 plasmid DNA immunizations and an RBL-5/C tumor cell boost in wild-type, CD4
Ϫ/Ϫ , and CD8 Ϫ/Ϫ mice was completely CD8 ϩ T-cell dependent, whereas the lytic activity in CD4 Ϫ/Ϫ mice was only partially reduced compared to that in wild-type mice (Fig. 6b) . Similar results were obtained when wild-type and CD4 Ϫ/Ϫ mice were immunized twice with 100 g HBeAg-pVAX1 plasmid DNA and boosted with RBL-5/E tumor cells. The magnitude of the anti-HBe-specific IgG antibody response was lower in CD4
Ϫ/Ϫ mice (ϳ10 3 to 10 4 ) than in wild-type mice (Ͼ10 5 ) (Fig. 6c) . In addition, the lytic activity primed in CD4 Ϫ/Ϫ mice was also weaker than the activity in wild-type mice (Fig. 6c) . Therefore, HBc/HBeAg-specific CD8 ϩ T-cell CTL function is not strictly dependent on CD4 ϩ T cells; however, the presence of HBc/HBeAg-specific primed CD4 ϩ T cells enhances the efficiency of CD8 ϩ CTL function.
CD8
؉ CTL immune tolerance in HBc/HBeAg-Tg mice. Previous studies have demonstrated that liver-derived HBc/ HBeAgs expressed in Tg murine models function as tolerogens at the level of CD4 ϩ T cells and that the HBeAg is a more effective tolerogen due to the fact that it is a secreted protein (12, 13, 35) . To examine the tolerogenic potential of the HBc/ HBeAgs at the level of CD8 ing C57BL/10 mice. As shown in Fig. 7a , neither HBcAg-Tg nor HBeAg-Tg mice eradicated the inoculated tumor cells, whereas wild-type mice rejected both HBc-and HBeAg-expressing tumor cells by day 30 (see Fig. 3a) . Similarly, wild-type mice produced high-titer anti-HBc or anti-HBe antibodies after tumor inoculation, whereas HBcAg-Tg mice produced only low-level anti-HBc and HBeAg-Tg mice produced no antiHBe antibodies (Fig. 7b) . These results indicate that the HBc/ HBeAg-Tg animals are tolerant to the HBc/HBeAgs presented by RBL-5 tumor cells. The fact that HBc/HBeAg-specific tumor regression is CD8 ϩ T cell-dependent indicates that HBc/ HBeAg-specific CD8 ϩ T cells are tolerant, similar to the tolerance of CD4 ϩ T cells, as indicated by the low-level to absent anti-HBc(HBe) antibody production after RBL-5/C(E) inoculation.
As a more stringent test of CD8 ϩ T-cell tolerance, groups of wild-type, HBcAg-or HBeAg-expressing, or HBc/HBe-dbl-Tg mice were immunized twice with 100 g HBcAg-pVAX1 plas- on October 24, 2017 by guest http://jvi.asm.org/ mid DNA, and 2 weeks after the last immunization they were challenged with RBL-5/C tumor cells and monitored for tumor growth in vivo. Immunized wild-type C57BL/10 mice were completely protected against tumor growth (P Ͻ 0.01), whereas HBeAg and HBc/HBeAg-dbl-Tg mice were completely unable to clear the tumors (Fig. 8a ) (P ϭ not significant)). Interestingly, the immunized HBcAg-Tg mice were partially protected against tumor growth compared to the pVAX1-immunized control group, and the HBcAg-Tg mice had statistically significantly smaller tumors (P Ͻ 0.01). Therefore, mice expressing HBcAg are not totally tolerized at the CD8 ϩ T-cell level. However, mice expressing HBcAg in the presence of HBeAg (i.e., HBc/HBe-dbl-Tg mice) are completely tolerant at the CD8 ϩ level (Fig. 8a) . Direct comparison of in vitro lytic activities after DNA and tumor cell immunization in wild-type and Tg mice revealed high lytic activity in wild-type mice and low or absent activity in HBc/HBeAg-expressing Tg animals (Fig. 8b) . Furthermore, no elevations in sALT levels in HBc-, HBe-, or HBc/e-Tg mice were observed after DNA and RBL-5/C(E) immunizations. sALT levels were measured at days 3 and 7 after the DNA and RBL-5/C(E) immunizations (data not shown). Therefore, no liver injury was induced by the DNA and tumor immunizations owing to the level of T-cell tolerance apparent in HBc/HBeAg-expressing Tg mice.
Induction of transient liver injury mediated by the adoptive transfer of HBcAg-specific CD8
؉ CTLs. Because direct immunization with HBcAg-pVAX1 and RBL-5/C tumor cells into HBc/HBeAg-Tg mice did not induce liver injury due to CD4 ϩ and CD8
ϩ CTL tolerance, an adoptive transfer model was developed to determine if HBc/HBeAg-specific CTL could mediate liver injury in HBc/HBeAg-Tg recipients. As shown above, it was necessary to immunize wild-type mice with both HBcAg-pVAX1 (twice) and RBL-5/C tumor cells and to restimulate the spleen cells in vitro with HBc/HBeAg 93-100 in order to elicit a vigorous CTL response (Fig. 4) . These highly activated (Fig. 9, inset) , polyclonal HBcAg-specific CTLs (20 ϫ 10 6 ) were transferred into nonirradiated HBcAg-Tg recipients, and liver injury was monitored by measuring sALT levels for 2 weeks after CTL transfer (Fig. 9) . The transferred HBcAgspecific CTLs elicited liver injury of a very transient nature in HBcAg-Tg recipients. sALT became elevated within the first 12 h after CTL transfer and peaked at 24 h. sALT levels were only slightly elevated at day 3 and normalized by day 4 to 5. No liver injury occurred in wild-type mice injected with HBcAgspecific CTLs or normal spleen cells or in HBcAg-Tg mice injected with normal spleen cells (Fig. 9) .
Differential CTL-mediated liver injury in HBeAg-Tg versus
HBcAg-Tg recipients. In a separate set of adoptive transfer experiments, HBeAg-specific CTLs were transferred into HBeAg-Tg recipients. Donor polyclonal, activated HBeAgspecific CTLs were generated by immunizing wild-type mice with HBeAg-pVAX1 (twice) and RBL-5/E tumor cells, and spleen cells were restimulated with HBc/HBeAg 93-100 in vitro. The HBeAg-specific CTLs were highly functional as determined by in vitro specific lysis of target cells (Fig. 10a, inset) . Unexpectedly, upon adoptive transfer of HBeAg-specific CTLs, the nature of the liver injury observed in the HBeAg-Tg recipients was quite different from that observed in HBcAg-Tg recipients receiving HBcAg-specific CTLs. The duration of the liver injury was significantly longer in HBeAg-Tg recipients than in HBcAg-recipients (Fig. 10a) . The initiation of liver injury within 12 h after CTL transfer was similar in HBeAg-Tg and HBcAg-Tg recipients of CTLs. However, sALT levels did not peak at 24 h, as observed in HBcAg-Tg recipients, but rather at 72 h after CTL transfer in HBeAg-Tg recipients, and they remained slightly elevated until day 5 and normalized by day 7 (Fig. 10a) . Liver injury was dependent on the number of HBeAg-specific CTLs transferred. Transfer of 10 ϫ 10 6 HBeAg-specific CTLs elicited lower levels of sALT than transfer of 20 ϫ 10 6 CTLs, although the extended kinetics of liver injury (i.e., peak at day 3) was not altered. However, adoptive transfer of 2 ϫ 10 6 HBeAg-specific CTLs into HBeAg-Tg recipients recapitulated the transient liver injury observed in HBcAg-Tg recipients of 20 ϫ 10 6 HBcAg-specific CTLs (Fig.  10b) .
In order to determine if the differential kinetics of liver injury observed was due to the specificity of the CTLs (i.e., HBcAg specific versus HBeAg specific) or to the specificity of the target antigen expressed in the liver of the recipient, the same population of HBcAg-specific CTLs (10 ϫ 10 6 ) was adoptively transferred into three different Tg recipients that expressed either HBcAg, HBeAg, or both HBc/HBeAgs (Fig.  11) . Adoptive transfer of HBcAg-specific CTLs into HBcAg- Tg recipients resulted in a transient elevation of sALT, which peaked at day 1, whereas the transfer of HBcAg-specific CTLs into HBeAg-Tg recipients resulted in liver injury of longer duration. Interestingly, transfer of HBcAg-specific CTLs into HBc/HBeAg-dbl-Tg recipients resulted in the longer-duration phenotype of liver injury (Fig. 11) . Therefore, the target antigen expressed in the liver determined the phenotype of liver injury that occurs after adoptive transfer of HBc/HBeAg-specific CTLs, and the specificity of the CTLs for HBcAg or HBeAg appears to be irrelevant. This is consistent with the highly cross-reactive nature of the HBc/HBeAgs at the CTL level observed in vitro. The difference between the HBc/ HBeAgs becomes apparent only at the level of CTL recognition of intracellular HBcAg versus HBeAg as they are expressed within hepatocytes in vivo.
To further confirm differences between HBcAg and HBeAg as CTL targets in the liver, we performed gene array analysis of liver tissues from HBcAg and HBeAg-Tg mice prior to CTL adoptive transfer (day 0) and 3 days after CTL adoptive transfer (day 3). The data confirm at the mRNA level that the HBeAg-expressing liver is significantly more inflammatory than the HBcAg-expressing liver at day 3 after CTL transfer (Tables 1 and 2) . A number of genes involved in inflammation (i.e., those for IFN-␥, Irf-1, Irf-3, Ccl3, Ccl4, Ccl19, Ccl22, IL-1r1, IL-12rb1, IL-15ra, CD8b1, Ltb, and GITR) and apoptosis (i.e., those for Bak1, Bcl2l14, Bok, and Card11) were upregulated in HBeAg-Tg versus HBcAg-Tg liver at day 3 after CTL transfer (Table 1) , whereas a number of genes that are relevant to antiapoptotic (i.e., those for Bag1, Bag4, Bcl2l1, and Aven) or antistress (i.e., those for heat shock proteins, Cyp3a11, Cyp3a16, Gpx1, and Gsr) mechanisms were upregulated in HBcAg-Tg liver at day 3 after CTL transfer (Table 2) . FIG. 11 . Phenotype of liver injury is dependent on antigen expressed in the liver. A total of 10 ϫ 10 6 HBcAg-specific CTLs were adoptively transferred i.v. into groups of three to six wild-type, HBcAgTg, HBeAg-Tg, or HBc/HBeAg-dbl-Tg mice at day 0. sALT activity was measured at days 0.5, 1, 2, 3, 4, 5, 7, and 14 after adoptive transfer and is expressed as units/liter Ϯ SD. Values of below 100 U/liter were considered normal ALT levels. The inset shows the in vitro lytic activity of the primed HBcAg-specific CTLs prior to transfer. At day 0 the selected genes were equivalently expressed in HBcAg-and HBeAg-Tg mice.
DISCUSSION
Although previous investigators have demonstrated that DNA-based immunogens elicited HBc/HBeAg-specific CTL responses (27, 28, 55) , the relative efficacy of CTL induction is less studied. Using two separate injections with a pVAX1 vector encoding either HBcAg or HBeAg, we achieved relatively modest CTL induction. Similarly, injecting HBcAg-or HBeAg-expressing tumor cell lines (i.e., RBL-5/C or RBL-5/E) induced even less efficient CTL responses. However, the combination of either two HBc/HBeAg-pVAX1 injections or a single HBc/HBeAg-pVAX1 injection with an RBL-5/C-E tumor cell injection elicited very efficient CTL responses (Fig. 4) . The necessity for this rather unique immunization strategy suggests that the HBc/HBeAgs are relatively modest antigens in terms of CTL generation, which is in contrast to their strong immunogenicity for CD4 ϩ T cells and antibody production. The two-step immunization protocol may have enhanced HBc/ HBeAg-specific CTL priming because the pVAX1-based immunogens elicited a highly Th1-biased response and the RBL-5 tumor cell-based immunogens elicited a Th2-biased response, and efficient CTL generation may benefit from this mixed Th1-Th2 response. For example, in the Plasmodium falciparum malaria system, IL-4-secreting CD4 ϩ T cells are absolutely required for the development of CD8 ϩ CTL responses to liver stage antigen (9) . Further, it has been shown that IL-4 has a strong in vivo and in vitro antiapoptotic effect on activated and resting CD8 ϩ T cells (1) . Regardless of whether the pVAX1 vector alone or the two-step protocol for priming CTLs was used, the HBc/HBeAgs appeared to be equivalent in terms of priming a CTL response and in terms of target recognition in vitro, as reported previously (27, 28, 55) . However, this was not the case for CTL recognition of the HBc/HBeAgs expressed in hepatocytes in vivo, as discussed below.
Although we have previously shown that the HBc/HBeAgs can induce immune tolerance in CD4 ϩ T cells and that HBeAg is a more efficient tolerogen (12, 13, 35) , tolerance at the level of CTL induction has not been as well studied. Here it was shown that the two-step protocol of HBcAg-pVAX1 (twice) and RBL-5/C injections in wild-type mice efficiently induced CTL responses. However, Tg mice expressing either HBcAg or HBeAg did not generate a CTL response after identical immunization (Fig. 8b) . Similarly, in the in vivo tumor model, in wild-type mice preimmunized with HBcAg-pVAX1 (twice) the injected RBL-5/C tumor cells did not grow and were rejected by the CD8 ϩ CTL response (i.e., tumor rejection does not occur in CD8-knockout mice). However, due to tolerance at the CTL level, the RBL-5/C tumor grew efficiently in HBeAg-Tg mice whether the HBeAg-Tg mice were immunized or not ( Fig. 7a and 8a ). In this model system the HBcAg-Tg mice appeared to be somewhat less tolerant, as preimmunization with HBcAg-pVAX1 had a partial effect in reducing tumor growth. However, note that in HBc/HBeAgdbl-Tg mice there was no effect of HBcAg-pVAX1 preimmunization, and the tumor grew equally in naïve and immunized HBc/HBeAg-dbl-Tg mice (Fig. 8a) . Therefore, as previously observed at the level of CD4 ϩ T cells and antibody production, HBeAg appears to be more tolerogenic than HBcAg at the CTL level, possibly because of HBeAg-specific CD4 ϩ T-cell tolerance mediated by secreted HBeAg. Although HBc/ HBeAg-specific CD8 ϩ CTL induction using the two-step protocol was not strictly dependent on HBc/HBeAg-specific CD4 ϩ T-cell function, CTL function was enhanced in the presence of CD4 ϩ T-cell help (Fig. 6) . Interestingly, if the HBc/ HBeAg-pVAX vector alone was used to prime CTLs, the CTL response was totally dependent on HBc/HBeAg-specific CD4 ϩ T cells (data not shown). Therefore, it appears that the strength of CTL induction determines the requirement for CD4 ϩ T-cell help. Therefore, nonresponse to the HBc/ HBeAgs at the CTL level may be due to either direct CD8 ϩ T-cell tolerance or an indirect effect of CD4 ϩ T-cell tolerance depending on the strength of the CTL induction signal(s).
Because direct immunization with the HBc/HBeAg-pVAX1 vectors and/or RBL-5 cell lines expressing HBc/HBeAg did not induce liver injury in HBc/HBeAg-Tg mice due to CD4 ϩ /CTL tolerance, an adoptive transfer model was used to examine CTL-mediated liver injury and to circumvent immune tolerance. Perhaps the most surprising result was that the adoptive transfer of HBc/HBeAg-specific CTLs elicited different phenotypes of liver injury depending on whether HBcAg or HBeAg was expressed in the liver (Fig. 9 to 11 ). Tg mice expressing only HBcAg in the liver demonstrated very transient liver injury that peaked at 24 h after CTL transfer, whereas Tg mice expressing only HBeAg demonstrated a more prolonged liver injury which peaked 72 h after CTL transfer. Importantly, Tg mice expressing both HBcAg and HBeAg in the liver (i.e., analogous to a wild-type HBV infection) demonstrated liver injury more similar to that in HBeAg-Tg recipients than to that in HBcAg-Tg recipients of transferred CTLs (Fig. 11) . These results suggest that the HBeAg expressed within hepatocytes in vivo serves as a superior target either directly or indirectly for HBc/HBeAg-specific CTL recognition compared to intracellular HBcAg and/or suggest an anti-inflammatory role for hepatic HBcAg in the context of CTLmediated liver injury. It is not likely that the HBc/HBeAgs differ significantly in terms of processing and presentation in the context of MHC class I molecules for recognition by CTLs, because tumor cell lines expressing the HBc/HBeAgs are equivalently lysed by HBc/HBeAg-specific CTLs in vitro, as observed here and by others (27, 28, 55) . It is difficult to compare the levels of HBcAg and HBeAg expressed in Tg mice because HBcAg is exclusively intracellular and HBeAg is very efficiently secreted. The level of accumulated intracellular HBcAg is relatively high (0.2 to 2.0 g/mg liver protein) and easily detectable by immunohistochemistry and is comparable to that in an HBV-infected liver (22) . Therefore, HBcAg expression is unlikely to be limiting for CTL recognition compared to the much lower level (undetectable by immunohistochemistry) of HBeAg protein or its precursors accumulated intracellularly in HBeAg-Tg mice (23) . Measurements of Tg HBc/HBeAg-specific mRNA in both HBcAg-Tg and HBeAg-Tg lineages have been made by Northern blotting, and they appear to be similar, as expected because expression of both transgenes is regulated by the same liver-specific, mouse major urinary protein promoter (22, 23) . Therefore, the difference between liver injury observed in HBc/HBeAg-Tg mice is more likely the result of indirect effects of the HBc/HBeAgs being expressed within the liver. For example, HBeAg may condition the hepatocyte for a greater sensitivity to HBc/ HBeAg-specific CTL-mediated injury or to secondary antigennonspecific injury due to recruitment of nonspecific inflammatory cells into the liver compared to HBcAg. Reciprocally, HBcAg may condition the hepatocyte for less sensitivity to HBc/HBeAg-specific or nonspecific liver cell injury compared to HBeAg. Tentatively, we favor the second possibility, because in an analogous system of HBsAg-specific CTLs adoptively transferred into HBsAg-expressing Tg recipients, the typical pattern of liver injury is a 5-to 7-day course of ALT elevations, which peaks at day 3 (4, 21, 25, 50, 51) . Although the database is limited, the very transient liver injury observed in HBcAg-Tg recipients of transferred CTLs (i.e., 24 h) appears atypical and is an unexpected result. The HBsAg-Tg mouse model of CTL-induced liver injury has been well characterized. A prominent finding has been that CTL-mediated liver injury occurs in a two-or three-step process and that most of the liver injury is not caused by the direct effect of the HBsAg-specific CTLs (step 1), even though the CTLs are absolutely required to initiate liver injury. Rather, the bulk of the liver injury is mediated by later-acting (steps two and three) antigen-nonspecific, inflammatory cells recruited into the liver by activated CTLs and their chemical mediators (3, 4) . By analogy to the HBsAg-Tg model, the liver injury observed after adoptive transfer of HBcAg-specific CTLs (10 ϫ 10 6 to 20 ϫ 10 6 ) into HBcAg-Tg recipients may represent the direct lysis of hepatocytes by CTLs (step 1). However, the secondary antigen-nonspecific inflammatory response (steps two and three) appears to be absent in comparison to the response elicited in HBeAg-Tg recipients and, by analogy, HBsAg recipients. The gene array data are consistent with this hypothesis. Three days after the adoptive transfer of HBcAg-specific CTLs, the HBeAg-expressing liver was significantly more inflammatory than the HBcAg-expressing liver (Tables 1 and 2) . Genes involved in inflammation and apoptosis were upregulated in HBeAg-Tg versus HBcAg-Tg liver at 3 days after CTL transfer, whereas genes that are relevant to antiapoptotic or antistress mechanisms were upregulated in the HBcAg-Tg liver. Also note that CD8a and CD8b1 genes are upregulated in the HBeAg-Tg liver relative to the HBcAg-Tg liver at day 3, suggesting that transferred CD8 ϩ T cells persist longer in the HBeAg-Tg liver. Most notable is the upregulation of a number of C-C and CXC chemokine genes in HBeAg-Tg mice compared to HBcAg-Tg mice at 3 days after adoptive transfer of CTL. For example, Ccl4 is a chemokine produced in hepatic cells that recruits inflammatory cells to the liver and maintains inflammation. Further studies will be necessary to determine if these or other genes are causally related to the different phenotypes of liver injury in HBcAg versus HBeAg-Tg recipients. Indirect effects of the HBc/HBeAgs on liver cell sensitivity to direct lysis or secondary nonspecific inflammatory injury would explain the inability to detect differences between the HBc/ HBeAgs in previous in vitro CTL assays (27, 28, 55) .
Regardless of the mechanism, the observation that expression of HBeAg in the liver results in more severe injury than expression of HBcAg in the liver may have profound implications for how an HBeAg-negative mutant virus is selected during chronic HBV infection. Hepatocytes expressing wildtype HBV (i.e., both HBcAg and HBeAg) may be more susceptible to the direct or indirect effects of CTL-mediated clearance mechanisms than hepatocytes expressing only HBcAg. This would provide the HBeAg-negative mutant with a selective advantage during an immune response. HBV variants that do not produce HBeAg are very common in chronic HBV infections. A stop codon mutation in codon 28 of the precore region is the most common HBeAg-negative variant (8) . Mutations in the core promoter can also abolish or reduce HBeAg production (39) . Although HBeAg-negative variants often occur in chronic HBV infections, the mechanistic selection process has remained elusive. Historically, it has been problematic to understand the selective advantage of an HBeAg-negative variant at the level of CTL recognition because the infected hepatocyte expresses the CTL-cross-reactive HBcAg regardless of HBeAg coexpression. The observation reported here that differential CTL recognition of the HBc/HBeAgs expressed in hepatocytes in vivo may result in preferential clearance of wild-type HBV could resolve this dilemma. Because hepatocytes do not serve as effective antigen-presenting cells for exogenous antigens and exogenous HBeAg has not been shown to elicit CTLs, it is unlikely that secreted HBeAg is a target of the immune selection process. Indeed, secreted HBeAg likely serves as a counterbalance that moderates HBc/ HBeAg-specific liver injury due to its immunoregulatory properties (12, 13, (33) (34) (35) (36) . It may seem counterintuitive that HBeAg functions both as a tolerogen/immunoregulatory protein and as a viral target for CTL recognition and the mediator of subsequent liver injury. How can a immunoregulatory protein also be the target of immune-mediated selection? In this regard, it may be helpful to discriminate between secreted HBeAg and cytosolic HBeAg. The secreted HBeAg can tolerize HBc/HBeAg-specific CD4 ϩ T cells, and this function is most apparent during the asymptomatic tolerance phase of chronic HBV infection. However, once HBeAg-specific T-cell tolerance is at least partially broken, usually in young adulthood in perinatally infected chronic carriers, cytosolic HBeAg not only may serve as a CTL target but may actually be a more efficient CTL target than intracellular HBcAg in the liver. While secreted HBeAg is advantageous for the virus during the early phase of infection, cytosolic HBeAg becomes a liability for the virus as HBeAg-specific T-cell tolerance wanes. Production of HBeAg-negative CTL escape mutants and their selection by the host immune response may represent another mechanism for viral persistence in later stages of chronic infection. In this way the HBeAg-negative virus escapes the CTL response targeted at cytosolic HBeAg, but the escape mutant is not entirely successful because the virus also loses the function of its secreted immunoregulatory protein, serum HBeAg. Although the emergence of an HBeAg-negative variant may sometimes correlate with reduced liver injury and viral clearance (2, 40, 53) , because HBcAg remains as a CTL target and because the immunoregulatory function of secreted HBeAg is lost, the HBeAg-negative immune escape variant may actually become more pathogenic in some circumstances, most likely depending on the viral load and stage of infection (5, 7, 15, 33) .
A recent clinical study illustrates the selective advantage of the precore stop codon mutation (57) . Chronic HBV patients with preexisting immunity and liver injury infected with wildtype HBV or a mixture of approximately 25% precore mutant virus were treated with a 6-month course of the antiviral drug lamivudine. Lamivudine can reduce the viral load to undetectable levels, and HBc/HBeAg production within hepatocytes can become limiting, which is an ideal environment for selective immune pressure to be analyzed. Within 2 to 3 months after withdrawal of lamivudine therapy and while viral loads were still low to undetectable, the percentage of precore mutant virus rose from 0 to 25% to virtually 100% in all three patients studied (57) . This indicates a very rapid selection of the precore mutant in the context of limiting viral load and limiting HBc/HBeAg production. Limiting intracellular HBcAg may be a prerequisite for efficient selection of the HBeAg-negative mutant, as previously suggested (33) . Although it was proposed that the mutant must have "outgrown" the wild-type virus, there is no evidence for enhanced replication of the precore stop codon mutant in a number of in vivo experimental infection models (11, 16, 30, 47, 54, 58) . We propose as an alternative explanation that the greater sensitivity to liver injury in HBc/HBeAg-expressing versus HBcAgexpressing hepatocytes observed in this CTL adoptive transfer model predicts that wild-type virus would be preferentially cleared by the host immune response in this clinical setting.
In summary, this study reveals the limitation of relying entirely on in vitro CTL assays to examine the function of CTLs. The differences between CTL recognition of the HBc/HBeAgs were discernible only in an in vivo system in which the HBc/ HBeAgs were expressed within the liver. In vitro CTL assays cannot reflect either the indirect effects that antigen expression within target tissues may have (i.e., hepatocytes) or aspects of CTL function such as CTL homing to target tissues or cellular recruitment by activated CTLs. Although the observation that HBc/HBeAg-specific CTLs can preferentially elicit liver injury in HBeAg-expressing hepatocytes must be confirmed in other Tg or infectious systems, it provides a mechanistic explanation for how the HBeAg-negative variant can represent a CTL escape mutant.
